[1] The heating of ions downstream of the x-line during magnetic reconnection is explored using full-particle simulations, test particle simulations, and analytic analysis. Large-scale particle simulations reveal that the ion temperature increases sharply across the boundary layer that separates the upstream plasma from the Alfvénic outflow. This boundary layer, however, does not take the form of a classical switch-off shock as discussed in the Petschek reconnection model, so the particle heating cannot be calculated from the magnetohydrodynamic, slow-shock prediction. Test particle trajectories in the fields from the simulations reveal that ions crossing the narrow boundary into the exhaust instead behave like pickup particles: they gain both a directed outflow and an effective thermal speed given by the flow speed v 0 of the exhaust. The detailed dynamics of these particles are explored by taking 1-D cuts of the simulation data across the exhaust, transforming to the deHoffman-Teller frame, and calculating explicitly the increment in the temperature, m i v 0 2 /3, with m i , the ion mass. We compare the model predictions with the temperature increment in solar wind exhausts measured by the ACE and Wind spacecraft, confirming that the temperature increment is proportional to the ion mass. The Wind data from 22 high-shear exhaust encounters confirm the scaling of the proton temperature increment with the square of the exhaust velocity. However, the temperature increments are consistently lower than the model prediction. Implications for understanding the production of high-energy ions in flares and the broader universe are discussed.
Introduction
[2] Magnetic reconnection is the dominant mechanism for converting stored magnetic energy in plasma systems into high-velocity flows and energetic particles. In solar flares a significant fraction of the released magnetic energy is transferred to energetic electrons and ions, with ions reaching energies in the range of GeV, which greatly exceeds energies associated with reconnection driven Alfvénic outflows [Lin et al., 2003; Emslie et al., 2004] . The acceleration mechanism for these energetic ions remains unknown although models based on particle interaction with multiple islands in 2-D [Matthaeus et al., 1984; Kliem, 1994; Shibata and Tanuma, 2001 ] and 3-D [Onofri et al., 2006] and with magnetohydrodynamic waves [Miller, 1998; Petrosian and Liu, 2004] have been proposed. In the Earth's magnetotail ions with energies in the range of hundreds of keV have been measured [Meng et al., 1981; Sarafopoulos et al., 2001] although unlike with electrons [Øieroset et al., 2002 ] the direct connection between these energetic particles and magnetic reconnection has not been firmly established.
[3] Although a causal linkage between reconnection and energetic ions within the magnetosphere has not been established, satellite crossings of the reconnection x-line or reconnection driven outflows have clearly documented complex ion distribution functions and associated ion heating. At the magnetopause ISEE 1 and 2 data reveal ion heating associated with energetic flow events [Gosling et al., 1986] . The high-speed ion beams that characterize the plasma sheet boundary layer have been linked to reconnection in Geotail data and are interpreted as evidence for ion acceleration at the x-line [Hoshino et al., 1998 ]. Alfvénic counterstreaming ions in reconnection exhausts have been documented in the magnetotail [Hoshino et al., 1998 ], the solar wind [Gosling et al., 2005b] and the magnetosheath [Phan et al., 2007b] and are an expected feature of reconnection outflows [Hoshino et al., 1998; Arzner and Scholer, 2001] . A basic question therefore is what fraction of the magnetic energy released during reconnection ends up as ion thermal motion as opposed to convective flow.
[4] In this manuscript we explore ion heating and acceleration during magnetic reconnection using large-scale particle-in-cell simulations, test particle simulations and analytic modeling. In section 2 we present the results of 2-D particle-in-cell (PIC) simulations that show that the ion temperature increases sharply across a narrow boundary layer that separates the upstream plasma from the Alfvénic exhaust. As a result, the ion heating during reconnection is dominated by the large-scale outflow exhausts rather than the x-line proper. The exhaust boundary does not take the form of a Petschek-like slow shock so the sharp temperature increments do not result from the dissipation associated with slow shocks. Alternate heating mechanisms are therefore explored. In section 3 the results of test particle simulations using the fields from the PIC simulations are presented. The trajectories reveal that the ions become demagnetized as they cross the exhaust boundary. Upon entering the exhaust, they are essentially at zero velocity within a local plasma flowing at the Alfvén speed. As a result they behave like classic pickup particles [Möbius et al., 1985] and gain an effective thermal speed equal to the exhaust velocity once they have been ''picked up'' by the exhaust. In section 4 the dynamics of ions as they enter the exhaust are further explored by using the fields from 1-D cuts across the exhaust. We demonstrate that the electric field in these cuts can be eliminated by transforming to the reference frame of the high-speed exhaust (the deHoffmanTeller frame). The ion motion in the resulting magnetic fields can be calculated analytically. Like a classical pickup particle, the ions gain an effective thermal velocity equal to the exhaust velocity. Predictions of the temperature increments perpendicular and parallel to the magnetic field within the exhaust are presented and compared with a Cluster encounter with a reconnection exhaust in the Earth's magnetosheath. Ions with mass greater than that of the dominant protons are also predicted to act like pickup particles, gain an Alfvénic thermal speed and therefore gain energy proportional to their mass, which is, to lowest order, a characteristic feature of thermal ions in the solar wind [von Steiger and Zurbuchen, 2006] . Finally in section 5 we compared the predictions with Wind and ACE data from encounters with reconnection exhausts in the solar wind [Gosling et al., 2005b; Phan et al., 2006; Gosling, 2007] . The Wind and ACE data confirm that the ion temperature increment in the exhaust scales with the square of the exhaust velocity and the ion mass. However, the observed temperature increments are substantially below the predictions. In section 6 we discuss the results, discrepancies with observations and implications for understanding energetic ions produced during solar flares.
Simulations
[5] Our simulations are performed with the particle-incell code p3d [Zeiler et al., 2002] . The results are presented in normalized units: the magnetic field to the asymptotic value of the reversed field, the density to the value at the center of the current sheet minus the uniform background density, velocities to the proton Alfvén speed v A , lengths to the proton inertial length d p , times to the inverse proton cyclotron frequency W cp
À1
, and temperatures to m p v A 2 . We consider a system periodic in the x À y plane where flow into and away from the x-line are parallel toŷ andx, respectively. The reconnection electric field is parallel toẑ. The initial equilibrium consists of two Harris current sheets superimposed on a ambient population of uniform density. The reconnection magnetic field is given by B x = tanh[(y À L y /4)/w 0 ] À tanh[(y À 3L y /4)/w 0 ] À 1, where w 0 = 1.5 is the half width of the initial current sheet. There is no initial outof-plane field B z . The box lengths L y and L x in the y and x direction are 102.4 and 204.8, respectively. The initial density profile is the usual Harris form plus a uniform background of 0.2. The electron and ion temperatures, T e = 1/12 and T p = 5/12, are initially uniform. Since ion heating and acceleration should be insensitive to the ion to electron mass ratio, we present data from a simulation with m p /m e = 25, which is sufficient to separate the spatial scales of the two species. The grid scale D = 0.05 and the speed of light is c = 15 and there are 100 particles per grid cell in the lowdensity region. The simulations presented here are two dimensional, i.e., @/@z = 0. Reconnection is initiated with a small initial magnetic perturbation that produces a single magnetic island on each current layer.
[6] In analyzing the data it is convenient to define temperatures parallel and perpendicular to the local magnetic field,
where u k and u ? are the plasma velocities parallel and perpendicular to the local magnetic field. We emphasize that the distribution function f within the regions of interest is generally a complicated function and not simply a Maxwellian distribution.
[7] The rate of reconnection for this simulation has been presented previously [Shay et al., 2007] . As in other simulations of the double Harris equilibrium, the rate of reconnection rises to a nearly constant value ($0.14) until late time when the islands on adjacent current layers overlap. In Figure 1 we show plots of the out-of-plane electron current j ez , the in-plane magnetic field, the Hall magnetic and electric fields, B z and E y , and the ion parallel and perpendicular temperatures during the steady reconnection period at t = 204.5. At this time the results remain insensitive to the periodicity of the simulation domain [Shay et al., 2007; Drake et al., 2008] . The ion parallel and perpendicular temperatures rise sharply in the regions where the Hall fields are large, with the increase in T k exceeding that of T ? [Krauss-Varban and Omidi, 1995; Hoshino et al., 1998 ]. Not shown is the exhaust velocity v x which peaks in the same region, driven dominantly by the Hall fields [Drake et al., 2008] . The narrow high-temperature region sandwiched within the exhaust and which peaks near the x-line is associated with the electron dissipation region. In the present manuscript we focus on the mechanism for ion heating in the larger exhaust, which because of its size dominates the ion energetics.
[8] The sharp rise in the ion parallel and perpendicular temperatures at the boundary of the exhaust might suggest that the heating is the result of a standing slow shock as discussed by Petschek in his model of reconnection [Petschek, 1964; Coroniti, 1971] . The boundary of the exhaust, however, is not a classical switch-off shock. The magnetic fields B x and B z within the exhaust are zero downstream of the switch-off shock, which is not the case in the simulation data in Figure 1 . Switch-off shocks have never been documented in particle simulations of reconnection. We therefore must explore other mechanisms for the ion heating shown in Figure 1 .
Test Particle Trajectories in 2-D Simulation Fields
[9] To understand the dynamics of ions in the exhaust region we have computed the orbits of test particles in the self-consistent fields of the simulation. Shown in Figure 2a is the trajectory of a proton on a background of the Hall electric field E y . Upon entering the exhaust the particle is accelerated by E y in the negative y direction when y > 0 and then in positive y direction as it crosses the midplane into the region y < 0. The Lorentz force ev y B z /c bends the particle velocity into the outflow direction as the particle undergoes several bounces across the midplane. This behavior is similar to the ion dynamics inferred from Cluster observations of a narrow current layer produced by reconnection in the magnetotail [Wygant et al., 2005] . Evidence for the resulting counterstreaming behavior of ions undergoing this bounce motion is visible in the ion distribution functions in the v x À v y plane in Figures 2c -2e . Shown in Figure 2c is the lobe distribution at x, y = À33.3d p , 5.6d p , shown in Figure 2d is the midplane distribution at x, y = À33.3d p , 0.0, and shown in Figure 2e is the midplane distribution further downstream at x,y = À46.0d p ,0.0. The lobe distribution is a cold beam with a weak drift in the negative y direction, reflecting the inflow toward the exhaust. There is no evidence of the leakage of higher-energy particles from the x-line or exhaust. The midplane distribution in Figure 2d exhibits the symmetric counterstreaming behavior expected from ion entry into the exhaust from above and below. The ions with small v x have just entered the exhaust while those with larger values of v x have already been accelerated downstream. Further downstream the counterstreaming of the small v x particles continues while the high v x particles have begun to thermalize. Such counterstreaming behavior has been observed earlier in simulations [Hoshino et al., 1998; Arzner and Scholer, 2001] and in distributions measured by satellites in the magnetotail [Hoshino et al., 1998; Wygant et al., 2005] , in the magnetosheath [Phan et al., 2007b] and in the solar wind [Gosling et al., 2005b] .
[10] To gain greater insight into the dynamics of the ions as they enter the exhaust region, we show in Figure 2b more information about the time dependence of the ion motion along its trajectory in Figure 2a . Shown are the ion perpendicular Figure 2a . From the simulation the proton velocity distributions in the x À y plane (c) upstream of the exhaust at x, y = À33.3d p , 5.6d p and (d) in the exhaust at the midplane at x = À33.3d p and (e) further downstream at x = À46.0d p . velocity in the x direction (solid) compared with the corresponding x component of E Â B drift velocity (based on the local fields at the particle position) and the magnetic moment m. A fully magnetized particle entering the exhaust would sharply turn downstream. Instead the particle in Figure 2a first moves across the exhaust in the direction of the electric field. Along the particle trajectory the increase in v ? x lags the x component of the E Â B drift (Figure 2b) . As a result, the magnetic moment m is not conserved and increases. The violation of m conservation is a consequence of the sharpness of the boundary layer: along the particle trajectory in Figure 2b the E Â B velocity rises sharply over a time interval shorter than the cyclotron period. This behavior is exactly like that of a pickup particle that is created when a neutral particle is ionized in the solar wind. The newly ionized particle first moves in the direction of the motional electric field associated with the moving field to gain the energy required to move with the solar wind velocity. In the process it gains a thermal velocity equal to the local solar wind velocity.
Test Particle Trajectories in 1-D Fields
[11] To go beyond the previous qualitative discussion, in Figures 3a and 3b we show cuts of the magnetic fields and the electric fields across the exhaust region at x = À36.9. The magnetic field B x reverses direction across the exhaust but does not exhibit evidence of the switch-off, slow-mode shocks that are expected to bound the reconnection exhaust further downstream [Petschek, 1964; Coroniti, 1971] . The Hall field B z increases sharply at the exhaust boundary and reverses sign at the symmetry axis but remains large elsewhere in the exhaust, consistent with Cluster observations of reconnection in the magnetosheath [Phan et al., 2007b] . The reconnection electric field is nearly uniform, the Hall electric field E y is large and points toward the symmetry line while E x remains small.
[12] Since the exhaust and its associated fields varies only weakly with distance downstream, we can further explore the ion dynamics by shifting to a frame moving with the local magnetic field velocity (the deHoffman-Teller frame), v x = Àv 0 . In the transformed frame the electric fields are given by (E x , E y + v 0 B z /c, E z À v 0 B y ). The velocity v 0 = cE z /B y eliminates the z component of the electric field. A necessary condition for a single velocity v x to transform away both E y and E z is E Á B = E y B y + E z B z = 0, which is fairly well satisfied in the exhaust region. The electric fields in a frame moving with a velocity v x = À1.35 are shown in Figure 3c . In this frame the simulation fields are reduced to small values, confirming that during steady reconnection the reconnection electric field E z is the motional field of the reconnected field B y and the Hall electric field E y is the motional field of the Hall field B z [Arzner and Scholer, 2001 ]. This field line velocity is slightly below the upstream Alfvén speed, which because the upstream density is 0.2, is around 1.9. Neglecting the remnant electric fields in the moving frame, we can now explore the ion motion in the magnetic configuration shown in Figure 3a . A major simplification is that in this frame the particle energy is conserved.
[13] The magnetic geometry in Figure 3 is similar to the well-studied system with a reversed magnetic field and constant normal magnetic field explored by Büchner and Zelenyi (BZ) [Bü chner and Zelenyi, 1986; Chen and Palmadesso, 1986; Büchner and Zelenyi, 1989] . In that system the particle dynamics depends on the parameter k = W y /w b , the ratio of the gyration frequency W y = eB y /m p c in the normal magnetic field B y to the bounce frequency w b = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi v 0 W 0x =L p in the reversed magnetic field B x of particles with characteristic velocity v 0 , where W 0x = eB 0x /m p c, dB x /dy = B 0x /L defines the scale length L and the field amplitude B 0x . Particle motion is adiabatic where k is large (fully magnetized particles), nearly adiabatic when k is small (Speiser orbit limit [Speiser, 1965] ) and is chaotic in the range of k $ 1.
[14] The simulation fields in Figure 3a differ from the configuration of BZ because of the Hall field B z and specifically the sharp jump in B z at the edge of the exhaust and its reversal across the symmetry line. For convenience in varying parameters to explore the particle dynamics, we consider a simple analytic field model with Figure 3 . From the simulation shown in Figure 1 cuts of (a) the magnetic field and (b) the electric field through the reconnection exhaust at x = À36.9d p . (c) Cuts of the electric field at the same location in a frame moving with an instantaneous velocity v x = À1.35c A . In all plots the x, y, and z components are the dash-dotted, solid, and dashed lines, respectively.
and B 0y a constant. The scale L defines the width of the exhaust and the sharp jumps in B z at the boundaries of the exhaust and across the midplane occur over the scale length L H , which is smaller than d p and therefore for any ion effectively defines a discontinuity.
[15] In Figure 4 we show the behavior of a proton with an initial parallel velocity v 0 /c A = 1.0 in this model field with parameters given by the Cluster magnetosheath reconnection event (B 0x = 40.0 nT, B 0y = 3 nT, [Phan et al., 2007a] . In Figure 4a the particle moves toward the reversal region and suffers a jump in its perpendicular velocity v ? (Figure 4c ) and therefore m as it enters the exhaust. Its motion gradually turns toward the z direction as B x decreases compared with B z . The particle then enters the reversal region and undergoes rapid bounce motion across the midplane in a Speiser-like orbit. Its z component of velocity gradually rotates into the negative z direction and the particle then escapes. For large values of L/d p such as in this example the dynamics in the reversal region do not further increase v ? .
[16] An important question is whether it is E z or E y that is responsible for the energy gain of the ions accelerated in the exhaust. It was previously suggested that it was the reflection from the Hall electric field E y [Wygant et al., 2005] . In the trajectory in Figure 4 the ion has a net displacement in the z direction. In the x-line frame this displacement is unchanged and enables the particle to gain energy from the reconnection electric field. The Hall electric field E y arises from a potential. During the oscillatory ion motion along y the ions gain and then return energy to this field and it therefore does not contribute net energy to the ions. Near the x-line the electric field E x accelerates the ions in the outflow direction [Drake et al., 2008] but this field is small in the downstream region ( Figure 3) .
[17] The jump in v ? at the exhaust boundary can be calculated analytically. Upstream of the exhaust the ion velocity is parallel to B and approximately given by the deHoffman-Teller velocity v 0 if the initial thermal spread is neglected and B 0y ( B 0x . Thus, upstream in the transformed frame v = (v 0 , v 0 B 0y /B, 0). As the particle crosses the boundary layer, the velocity components do not change. Thus, just inside of the exhaust, since the magnetic field has twisted in the z direction, the ions will have both parallel and perpendicular components. Neglecting corrections of order B 0y 2 /B 2 , we find
where B 0 2 = B 0x 2 + B 0z 2 . Within the exhaust particles remain adiabatic until they reach the region of field reversal (the decrease in v ? between W p t = 50 and W p t = 160 in Figure 4 is consistent with the conservation of m). As in the BZ model, in the absence of B 0y the particle motion is regular and particles bounce across the layer with a characteristic frequency w bH given by
with W 0z = eB 0z /m i c the gyro frequency in the Hall field B 0z .
In the limits of large and small w b /W 0z , w bH is given by w b and W 0z , respectively. For the Cluster event w b = 1.6/s, W 0z = 1.7/s, w bH = 1.8/s and W 0y = 0.29/s. In the BZ prescription the particle dynamics should depend on the parameter
the ratio of the gyration frequency in the B 0y field W 0y to the bounce frequency, which for the Cluster event is 0.16. The rapid bounce motion across the reversal region compared with the slow rotation in the B 0y field for small k H is the reason for the Speiser-like trajectory in Figure 4 . The ratio of the three magnetic field components, B x : B y : B z = 1.0 : 0.1 : 0.4 and the characteristic velocity v 0 = c Ax are the generic parameters for a system undergoing fast reconnection. The only parameter that can vary significantly from these values is therefore the scale length L which can vary strongly, depending on the width of the exhaust and therefore the proximity to the x-line. The limiting value of k H for large L is simply B 0y /B 0z which remains less than unity. Decreasing L reduces k H further so reconnection outflows typically remain in the Speiser-like regime of weakly magnetized ions. Sufficiently far downstream of the x-line where the Hall fields are no longer important, the ions may behave differently.
[18] In Figure 4 the ion exits the reversal region with v ? comparable to its value on entry. This result is generic for small k H and can be demonstrated analytically (B. Brown et al., private communication, 2008) . In the 1-D model the ions can apparently interact a second time with the exhaust boundary (at the end of the trajectory in Figure 4 ). This second interaction is an artifact of the 1-D model and is not possible in the original 2-D system. In the region where the Hall fields have significant amplitude, the exhaust boundary closely maps the magnetic separatrix because of the rapid propagation of the kinetic Alfvén wave, which carries the Hall fields downstream [Drake et al., 2008] . Once an ion crosses the separatrix, the reconnection electric field continues to carry the ion downstream of the separatrix and it cannot interact with the separatrix a second time. In the frame of reference of the Alfvénic outflow the exhaust boundary propagates away from the reversal region with a velocity v y = v 0 B 0y /B x , which exceeds the ion velocity in this direction since the ion parallel velocity is limited by v 0 . There is therefore no leakage of heated ions upstream of the exhaust boundary, consistent with Figure 4c .
[19] To complete the velocity calculation we take the parallel and perpendicular velocities in equation (4) after the particle is ejected from the reversal region and transform back to the frame of the x-line, which yields v = 2.0v k b + v ? + v EÂB , where b = B/B and v EÂB is the E Â B drift velocity. This result differs from the well-known acceleration of ions in a 1-D current sheet [Cowley and Shull, 1983] because of the nonadiabatic behavior at the exhaust boundary (see Figures 2 and 4) . The reflected particles interpenetrate with particles that have already crossed the boundary of the exhaust but have not passed through the reversal region. The resulting effective parallel and perpendicular temperatures are
with a total temperature
with m i the ion mass, which need not be equal to the proton mass. We note that a similar expression for T has been proposed to describe the proton temperature increase in hybrid simulations of reconnection [Krauss-Varban and Welsch, 2007] . We can compare the predicted increase in T, T k and T ? with that measured in the simulations of Figure 1 . The increase in the total temperature DT is easiest to compare since it is relatively constant across the exhaust. On the basis of the exhaust velocity of 1.35c A , DT ' 0.6m p c A 2 , close to the measured value of 0.5m p c A 2 . The increases, DT k and DT ? , are more complex because they vary across the exhaust. The expected increments are DT k = 1.6m p c A 2 and DT ? = 0.11m p c A 2 compared to the measured values DT k = 0.8m p c A 2 and DT ? = (0.2 -0.6)m p c A 2 in the simulation. The predicted increase of T k is well above that seen in the simulation while that of T ? is well below the simulation result. The scattering of the parallel into perpendicular velocity during the Speiser bounce motion near the reversal region is clearly playing a role in the simulation. T ? peaks at the midplane at 0.6m p c A 2 where at the same time T k sharply decreases (see Figures 1e, 1f, and 4) . The fire hose or another instability driven by the large anisotropy in the temperature could also scatter the ions and therefore increase T ? at the expense of T k . We see some evidence for this in time-dependent, transverse flapping of the electron out-of-plane current layer. This can be seen in the warping of j ez in Figure 1a downstream of the x-line, which results from the time-dependent flapping of the exhaust. In earlier large-scale hybrid simulations an anisotropy instability was able to disrupt the entire exhaust [Karimabadi et al., 1999; Arzner and Scholer, 2001 ]. This is not seen in the simulations of Figure 1 .
[20] Direct comparisons of the predictions of equations (7) and (8) can be made with satellite observations. In the Cluster magnetosheath reconnection event T, T k and T ? increase in the exhaust by 135 eV, 185 eV and 110 eV, respectively [Phan et al., 2007b] . Using the measured exhaust velocity of 180 km/s and the magnetic field parameters presented previously, the predicted increases in T, T k and T ? are 113 eV, 280 eV and 28 eV, respectively. Thus, as in the comparison with the data from the simulation the predicted increase T is close to the measured value while increase in T ? (T k ) falls well below (above) that measured, again suggesting that wave induced scattering may be active in the exhaust.
Comparison With Solar Wind Data From the Wind and ACE Spacecraft
[21] There is now a wealth of data on crossings of reconnection exhausts in the solar wind [Gosling et al., 2005b; Phan et al., 2006; Gosling et al., 2006] . Because of the large spatial extent of the typically encountered reconnection exhausts in the solar wind, these crossings must be far downstream of the x-line where the magnetic structure of the exhausts is very different from that closer to the x-line. The component of the magnetic field that reverses typically drops sharply as the spacecraft enters the exhaust as in Petschek's model [Petschek, 1964] although the validity of the switch-off, slow-shock description of this boundary layer has not been established. The presence of counterstreaming ions across the entire exhaust [Gosling et al., 2005b] seems to suggest that there is insufficient velocity space scattering to justify the simple MHD slow-shock description. Nevertheless, the MHD slow-shock prediction of the temperature increment of protons is a useful reference. In the limit of low upstream ion b the predicted proton density and temperature increments for switch-off, slow shocks is
where c A is the upstream Alfvén speed. Thus, the slowshock model predicts a somewhat lower temperature increase than that of the pickup model (equation (8)).
[22] There remain significant uncertainties in the theoretically expected structure of the highly oblique (the angle q Bn between the shock normal and the magnetic field exceeding 80°) slow shocks associated with collisionless reconnection. In the two-fluid model the shock takes the switch-off form with a trailing wave train with a wavelength of d i [Coroniti, 1971] . Simulations of reconnection, however, have not yet produced the switch-off slow shocks that are expected to bound the exhaust [Arzner and Scholer, 2001] . In 1-D particle simulations of slow shocks the expected switchoff character and associated wave train develop for q Bn < 80°but not for q Bn > 80° [Yin et al., 2005 [Yin et al., , 2007 (the slow shock does not propagate away from the simulation boundary). The reason for the failure of the highly oblique slow shocks to form remains unclear.
[23] In the frame moving with the outflow exhaust (deHoffman-Teller frame) the upstream ions again move parallel to the local magnetic field toward the exhaust. Their behavior upon crossing into the exhaust will depend on the structure of the boundary layer. If the scale length L t of the transition is long compared to d p , protons will remain adiabatic at the crossing and the ions in the exhaust should be characterized by the counterstreaming Alfvénic beams predicted in previous 1-D models [Cowley and Shull, 1983] . There is support for this counterstreaming beam model in the observational data [Gosling et al., 2005b] . Even if the protons are adiabatic, higher-mass ions, because of their lower gyrofrequencies and longer inertial lengths, can transition to the pickup regime, defined by
In the pickup regime most of the parallel energy upstream goes into the perpendicular temperature (as a ring distribution): the ion, moving along B upstream, finds itself moving across B in the exhaust because of the sharp rotation of the field at the boundary. Thus, evidence of T i? > T ik while T pk > T p? would support this picture. If the exhaust boundaries take the form of switch-off, slow shocks, significant scattering of incoming parallel-streaming protons will take place at the shock transition either because of nonadiabatic behavior (in the d p scale structure of the shock transition) or as a result of the interaction with locally generated turbulence [Yin et al., 2005 [Yin et al., , 2007 . Higher-mass ions are again likely to see the transition as a discontinuity and their downstream temperature should be characterized by T i? > T ik . In either the gradual transition scenario or the abrupt transition, slowshock scenario the available free energy is from the streaming velocity of ions upstream of the exhaust so the total ion temperature gain should be given approximately by equation (8)
[24] Given the uncertainties of theoretical models of the structure of the boundaries of the reconnection exhaust and the resulting uncertainties of the relative magnitudes of T k and T ? , here we seek to compare only the observed increases in the total temperature of various ion species as the Wind and ACE spacecraft enter solar wind reconnection exhausts.
[25] The encounter of the Wind, Cluster and ACE spacecraft with an extended reconnection exhaust on 2 February 2002 has been well documented [Phan et al., 2006] . The Wind spacecraft encountered the exhaust when it was located at (9x, À321ŷ, 16ẑ) in geocentric elliptic coordinates (GSE). In Figure 5 are plotted the time series of the three components of the magnetic field and plasma flow velocity and the proton and alpha particle temperatures. The magnetic fields and flows are plotted in minimum variance coordinates, where L is along the maximum variance Figure 5 . The time dependence of the magnetic fields B LMN and velocities v LMN in minimum variance coordinates, where the blue, green, and red lines are the L, M, and N components, respectively; the proton temperature T p and the alpha particle temperature T a from a Wind spacecraft encounter with a large-scale reconnection exhaust in the solar wind [Phan et al., 2006] . Note the factor of four difference between the temperature scales. direction (outflow direction), M is intermediate variance direction (out-of-plane direction) and N is the minimum variance direction (normal to the current sheet). In terms of the coordinates of our simulations (L, M, N) = (x, z, À y). The reconnecting field B L has nearly equal magnitude on either side of the current sheet. The guide field B M was around 35% of the reversed field. The jump in the normal inflow velocity v N across the current sheet of around 5 km/s corresponds to a reconnection inflow velocity of 2.5 km/s, which is 3.3% of the upstream Alfvén speed. The jump Dv L in the velocity inside of the exhaust is around 65 km/s (as the spacecraft exits the exhaust and is slightly higher on entry). On the basis of this outflow velocity, the expected increase in the temperature based on equation (8) is 14.7 eV for protons and four times larger or 58.6 eV for the alphas. In Figures 5c and 5d the proton and alpha temperatures jump sharply within the exhaust with increments of 5.5 eV and 20 eV, respectively, which are around 40% of the predicted values. The ratio of the increment in the alpha temperature to that of the protons is close to four, the alpha to proton mass ratio, as expected.
[26] There are now a large number of documented encounters of reconnection exhausts by the Wind spacecraft. We have identified 22 of these events in which the angle between the magnetic fields on either side of the exhaust (the shear angle) is greater than 120°, the weak guide field limit being discussed here. In Figure 6 we plot the increment of the proton temperature DT p versus the expected increment, m p Dv L 2 /3, for these 22 events. The straight line in Figure 6 falls though the data, indicating a linear relation between the predicted and observed temperature increments. Thus, the temperature jump scales with Dv L 2 . However, the slope of the line, 0.39 is less than unity so the temperature increases in the reconnection exhausts are smaller than expected. The temperature increment is also smaller than would be predicted by the MHD slow-shock model.
[27] Direct measurement in the solar wind of the temperature increment of various ion species can provide an important test of the mass scaling of the model. Because a longer time is needed to resolve the higher-mass ions, which are much less abundant than protons, such a comparison requires a long-duration exhaust encounter. On 1 September 2001, the ACE spacecraft encountered such an reconnection exhaust during a crossing of the heliospheric current sheet . In Figures 7a -7c we show the proton velocity from SWEPAM in minimum variance coordinates, where L = (À0.78x, 0.60ŷ, 0.14ẑ), M = (0.53x, 0.52ŷ, 0.67ẑ) and N = (0.33x, 0.60ŷ, À0.73ẑ) in GSE coordinates. Figures 7d  and 7e show the magnetic field measured by MAG in the LMN and GSE coordinate systems. The spacecraft enters the exhaust during three time intervals marked by the vertical dashed lines. During the first two entries V L increases sharply and B L drops but does not reverse direction. The third encounter is a complete crossing of the exhaust over a period of around 1.5 h, a duration that is sufficient for measuring the temperature increment of the high-mass ions using the Solar Wind Ion Mass Spectrometer (SWICS). In Figure 7f we show the behavior of the radial (Àx in GSE coordinates) temperature T rr of He 2+ , C 6+ and O 6+ , as measured by SWICS (SWICS does not give directional information). Temperature enhancements are evident during all three encounters with the exhaust. The heavy ion data has a time resolution of 12 min, the highest resolution available from SWICS. This resolution is marginally able to resolve the temperature enhancements in the first two encounters (there is no data centered within the exhaust during the first encounter) but well resolves the temperature increments during the full crossing.
[28] Because there is no data centered on the first ACE exhaust encounter, we do not discuss this encounter further. The data from the second and third encounters are shown in Table 1 . Included is the data for the three mass species, the proton exhaust velocity Dv pL , the predicted temperature increment per nucleon DT th and the observed temperature increment per nucleon DT obs , where per nucleon indicates that we have divided the temperature by the total number of protons and neutrons. According to the model, the energy gain per nucleon should be the same for each of the ions for each exhaust encounter. For the second (short) encounter the temperature increments are calculated with respect to the adjacent data outside of the exhaust. For this encounter the temperature increments per nucleon are, especially for the higher-mass ions, reasonably close to the prediction. For the longer third encounter the temperature increments are consistently well below the predicted values although the relative increments of the different ions are in fairly good agreement (especially those of C 6+ and O 6+ ). This agreement, however, is not as compelling in the data of Figure 7 . The C 6+ and O 6+ temperatures do not track each other well inside of the exhaust. The small temperature increments in exhaust encounter 3 compared with 2 may result from the fact that SWICS is measuring mostly T k in encounter 2 and mostly T ? in encounter 3, and on the basis of proton and alpha particle data the increase in T k is typically substantially larger than T ? . That this is the case can be seen in the magnetic field data in GSE coordinates in Figure 7e . In encounter 2 B x is substantially larger than the other components so T rr is approximately the parallel temperature while in encounter 3 the other components of B Figure 6 . The temperature increment in 22 solar wind exhaust encounters with magnetic shear greater than 120°v ersus the predicted temperature increment m p Dv L 2 /3. The line that fits through the data has a slope of 0.39.
are comparable or larger so T rr is a mix of the parallel and perpendicular components.
Summary and Discussion
[29] We have explored the acceleration and heating of ions as they enter magnetic reconnection exhausts. In PIC simulations the perpendicular and parallel temperatures of ions increase sharply across the narrow boundary layer that separates the Alfvénic exhaust from the upstream inflowing ions (Figures 1e and 1f) . The increase in the parallel temperature typically exceeds that of the perpendicular temperature. There is no evidence in the simulations for slow-mode shocks at the exhaust boundary. The temperature increments therefore do not arise from the dissipation associated with such shocks.
[30] Test particle simulations of proton entry into the exhaust using the fields from the simulations reveal that the particles behave like pickup particles [Möbius et al., 1985] since upon entry in the high-speed exhaust they are at essentially at zero velocity (like a conventional solar wind pickup particle). The ions behave nonadiabatically (the magnetic moment m jumps sharply) both as the particles cross the narrow ($c/w pi ) boundary layer at the edge of the exhaust and in the region of magnetic field reversal (Figure 4) . As a result, the particles execute multiple reflections across the exhaust as they gradually accelerate up to the Alfvén speed along the exhaust. This bouncing behavior is manifest in the counter- Figure 7 . The time dependence of the velocities v LMN and magnetic fields B LMN in minimum variance coordinates; the magnetic fields in GSE coordinates; and the He 2+ , C 6+ , and O 6+ radial temperatures T rr from an ACE spacecraft encounter with a large-scale exhaust during reconnection in the heliospheric current sheet [Gosling, 2007] . 14.7 4.6 a Shown are data from the second and third encounters with the exhaust, including the proton exhaust velocity Dv pL , the ion species, the predicted temperature increment per nucleon DT th , and the measured temperature increment per nucleon DT obs . streaming ion particle distributions seen at the midplane (Figures 2d and 2e ) in simulations. Satellite observations [Gosling et al., 2005b; Wygant et al., 2005; Phan et al., 2007b] reveal similar counterstreaming ion distributions. We have carefully studied ion acceleration by examining cuts of the simulation electric and magnetic fields across the exhaust. By transforming to the frame of reference of the exhaust v 0 the electric fields along this cut can be almost completely eliminated (Figure 3) . Thus, the large in-plane Hall electric field is simply the motional electric field of the out-of-plane Hall magnetic field and, of course, the reconnection electric field is the motional field of the reconnected magnetic field.
[31] In the local exhaust frame (deHoffman-Teller frame) the electric field is negligible, ion energy is preserved and the nonadiabatic particle motion can be more easily studied. When the ion upstream thermal speed is small compared with the exhaust velocity (b i ( 1) the inflowing ions can be taken as a cold, field-aligned beam with the exhaust velocity v 0 . At the exhaust boundary the magnetic field twists sharply into the out-of-plane direction because of the presence of the Hall field ( Figure 3 ) and as a result the ion gains a perpendicular velocity and finite magnetic moment m = m i v 0 2 B 0z 2 /B 3 ( Figure 4 ) or an effective T ? given in equation (8). The ion then continues toward the region of field reversal where it undergoes Speiser-like oscillations across the midplane until it exits the reversal region. Thus, the midplane bounces in Figure 2 correspond to Speiser-like motion. The bounce motion differs from that of Speiser in that the dynamics are strongly influenced by the Hall magnetic field B z as well as the in-plane reversed field B x (Figure 4) . Because of the nonadiabatic behavior of the particle motion in the reversal region v ? can take on a range of values. On exiting this region, however, v ? reverts to its value upstream of the reversal region. This behavior is a consequence of Speiser-like motion in the reversal region. The counterstreaming of ions flowing toward and away from the reversal region produces an effective parallel temperature T k that is given in equation (8). Consistent with these single particle trajectories, both the parallel and perpendicular temperatures in the simulations increase within the reconnection exhaust ( Figure 1 ) and although each varies significantly across the exhaust the total temperature is relatively uniform. The latter is perhaps because of the constancy of the particle energy in the exhaust frame. The total ion temperature in the exhaust is calculated to be
where v 0 is the proton exhaust velocity. This expression is valid for both protons and higher-mass particles and implies that the temperature increase per nucleon should be the same for all ions.
[32] The results of the simulations and resultant analytic predictions of the ion temperature increase within the reconnection outflow exhaust have been compared with observations from the ACE, Cluster and Wind satellites. Particularly important is to validate the scaling of the temperature increment in equation (10) with the ion mass and the exhaust velocity. The ion mass scaling was tested with a Wind event [Phan et al., 2006] in which the measured ratio of the temperature increment of alpha particles to the protons DT a /DT p was 4.3 compared with expected value of 4.0. The predicted temperature increments of He 2+ , C 6+ and O 6+ were compared with a reconnection encounter by ACE [Gosling, 2007] in the heliospheric current sheet (Table 1 ). The measured temperature increments of C 6+ and O 6+ using SWICS gave the same increment per nucleon while the He 2+ temperature increments per nucleon differed from those of C 6+ and O 6+ by 20-30%. When the measured temperature (along the GSE x direction) was approximately parallel to the local magnetic field, the temperature increment of the three species was around 75% of the predicted value. The measured temperature was significantly smaller than that given in equation (10) when the measured temperature was perpendicular to B, indicating that there is possibly a significant temperature anisotropy in the heavy ions.
[33] To check the scaling of the temperature increment with the exhaust velocity we identified 22 Wind encounters with reconnection exhausts. Since the present paper is limited to the case of zero guide field, we limited the data set to magnetic shear angles greater than 120°. The results in Figure 6 indicate that the temperature increment scales with the square of the exhaust velocity. However, the temperature increment is consistently only 39% of the expected value.
[34] The solar wind exhaust encounters of Figure 6 typically occur far from the x-line where the structure of the boundary of the reconnection exhaust more closely resembles Petschek's slow shock [Gosling et al., 2005b [Gosling et al., , 2006 Phan et al., 2006] than the Hall magnetic field geometry that is evident closer to the x-line [Phan et al., 2007b] . Since the structure of collisionless slow shocks in the near perpendicular geometry of reconnection exhausts is not yet understood [Yin et al., 2005 [Yin et al., , 2007 , this discrepancy cannot be fully resolved in the present paper. It is clear, however, that the exhaust does not simply consist of noninteracting, interpenetrating ion beams as has been suggested earlier [Gosling et al., 2005b] . In such a nondissipative model the plasma density within the exhaust would scale like 2n up B N /B Lup ( n up , where n up and B Lup are the density and reconnecting magnetic field upstream, B N is the normal magnetic field and the factor of 2 arises from the particles from the two sides of the exhaust. The density decreases because of the spreading of the flux tubes as they enter the exhaust. On the other hand in the observations the density typically increases by a factor of two in the exhaust compared with the upstream values [Gosling et al., 2005b] , indicating that there are strong dissipative processes taking place either within the exhaust or at its boundary. In the Hall field region this density enhancement might arise from the nonadiabatic ion motion at the boundary of the exhaust and in the region of Speiser-like behavior at the midplane. In the simulations of Figure 1 the density within the exhaust is roughly twice the upstream value.
[35] The temperature increment in equation (10) combined with the observed density increase in the exhaust are inconsistent with pressure balance. Momentum balance across the exhaust boundary yields the Walen condition for the exhaust outflow v 0 2 = B Lup 2 /4pm p n up , which when combined with equation (10) yields the exhaust pressure P ex = (2n ex /3n up )P up , where we have ignored the ambient ion temperature. For n ex /n up > 1.5 the exhaust pressure would exceed the upstream magnetic pressure. The resulting expansion of the exhaust would lower the exhaust temperature and density, which is a possible explanation for the reduced ion temperature seen in the Wind data. A confirmation of this idea must await a fuller understanding of the slow-shock structure of reconnection exhausts.
[36] The temperature increases measured in reconnection exhausts both in the solar wind and the magnetosphere are significant compared with the ambient temperatures of ions. A single entry into the exhaust does not, however, produce the high-energy ions in the MeV range seen within the magnetosphere [Meng et al., 1981] . In the low-b environment of the solar corona, however, magnetic fields of 100 G at densities of 10 9 /cm 3 are expected to produce exhaust ion energies in excess of 0.1 MeV/nucleon [Krauss-Varban and Welsch, 2007] , comparable to the typical energies of the ions observed in most impulsive solar energetic particle (SEP) events. Thus for small impulsive SEP events this may be the dominant acceleration mechanism. In the largest impulsive SEP events ions are observed up to 10-100 MeV so additional acceleration is required. For large solar flares, gamma ray observations show that ions are accelerated to energies in the range of a GeV so a single exhaust encounter is clearly insufficient. A model of electron acceleration based on Fermi-like reflection in contracting islands has been proposed to explain electron acceleration during flares [Drake et al., 2006] . The same mechanism is expected to act on ions if they are super-Alfvénic. The interaction with just a few reconnection exhausts might seed ions to velocities large enough for them to undergo acceleration by the same Fermi mechanism.
[37] An important observation of ion acceleration relevant to impulsive SEP events is the abundance enhancement of energetic, high-mass ions in impulsive solar flares [Mason, 2007] . The enhancement compared with coronal abundances scales as (m i /q i ) 3.3 for ions in the energy range 320 -450 keV/nucleon, where q i is the ion charge. In reconnection of antiparallel magnetic fields all ions behave nonadiabatically as they enter the exhaust since their values of mass to charge are greater than that of protons. Thus, these data cannot be explained with the present model. We find, however, that during reconnection with a guide field only ions with mass to charge above a critical threshold display nonadiabatic behavior and that this threshold may be related to the abundance enhancements during impulsive flares (J. F. Drake et al., Ion pickup and heating during magnetic reconnection with a guide field, submitted to Astrophysical Journal, 2009). In observations of heavy-ion temperatures in the fast solar wind the temperature per nucleon has a modest negative scaling with mass to charge [Cranmer et al., 1999] , which, curiously, is opposite to that inferred from the abundance enhancements during flares, indicating that different mechanisms may be involved with the heating of ions in the solar wind in comparison with flares.
[38] An important observation in the solar wind reconnection events is the apparent absence of evidence for the production of very energetic electrons or ions [Gosling et al., 2005a] even though the spatial extent of solar wind reconnection exhausts can exceed 2 Â 10 6 km, which is comparable or larger in scale than impulsive flares [Tsuneta, 1996] . In contrast why is magnetic reconnection in the corona an efficient source of energetic particles? Why are energetic electrons seen during reconnection in the magnetotail [Øieroset et al., 2002; Imada et al., 2007; Chen et al., 2008] ? An obvious difference between the corona and the solar wind and magnetotail is the ambient plasma b, which is very small in the corona. This implies that the Alfvén speed greatly exceeds the thermal speed in the corona so that heating associated with a pickup process such as in equation (8) or due to a slow-mode shock in equation (9) is substantial in the corona [Krauss-Varban and Welsch, 2007] but only marginal in the solar wind and magnetosphere. In the case of electron heating it was suggested that the harder energetic particle spectra inferred from solar observations were also a consequence of the different values of b in the corona versus the magnetosphere: particle acceleration in a finite b plasma is constrained as energetic particles approach the marginal fire hose condition [Drake et al., 2006] . In any case in the present paper we do not attempt to address the production of high-energy particles during reconnection.
Appendix A: Ion Bounce Frequency in the Magnetic Field Reversal Region
[39] The Speiser-like orbit seen in Figure 4 is a consequence of the separation between the bounce frequency of particles across the reversal region and the slow gyration of particles in the normal magnetic field B y that threads the reversal region W 0y [Büchner and Zelenyi, 1986; Chen and Palmadesso, 1986; Bü chner and Zelenyi, 1989] . The bounce frequency w bH differs from that in a simple reversed field w b because of the presence of the Hall magnetic field. We can calculate this bounce frequency analytically for the simple magnetic field model in equation (3) in the limit where L H ! 0 and where L is large enough so that B 0x ' B 0 0x y. In the deHoffman-Teller frame E = 0. We consider for simplicity a particle with v = (0, v 0 , 0) at y = 0. The magnetic field can be written in terms of the vector potential A = (ÀB 0z jyj, 0, B 0 0x y 2 /2). Using the conservation of canonical momentum in the x and z directions, we find
The conservation of energy then yields 
The terms quadratic and quartic in y guarantee that the particle will have a maximum excursion D in y given by The characteristic bounce frequency defined by w bH v 0 /D is then given in equation (5). We note that w bH is the actual particle bounce frequency only in the limit of W 0z large. For other parameters it differs from the actual bounce frequency by factors of order unity.
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